The yeast Williopsis mrakii produces a mycocin or yeast killer toxin designated HMK; this toxin exhibits high thermal stability, high pH stability, and a broad spectrum of activity against other yeasts. We describe construction of a synthetic gene for mycocin HMK and heterologous expression of this toxin in Aspergillus niger. Mycocin HMK was fused to a glucoamylase protein carrier, which resulted in secretion of biologically active mycocin into the culture media. A partial purification protocol was developed, and a comparison with native W. mrakii mycocin showed that the heterologously expressed mycocin had similar physiological properties and an almost identical spectrum of biological activity against a number of yeasts isolated from silage and yoghurt. Two food and feed production systems prone to yeast spoilage were used as models to assess the ability of mycocin HMK to act as a biocontrol agent. The onset of aerobic spoilage in mature maize silage was delayed by application of A. niger mycocin HMK on opening because the toxin inhibited growth of the indigenous spoilage yeasts. This helped maintain both higher lactic acid levels and a lower pH. In yoghurt spiked with dairy spoilage yeasts, A. niger mycocin HMK was active at all of the storage temperatures tested at which yeast growth occurred, and there was no resurgence of resistant yeasts. The higher the yeast growth rate, the more effective the killing action of the mycocin. Thus, mycocin HMK has potential applications in controlling both silage spoilage and yoghurt spoilage caused by yeasts.
Yeasts and molds can have both positive and negative effects on fermented products consumed by humans and animals. Yeasts are used as starter cultures in cheeses and bread, as well as wine, beer, and other alcoholic fermentation products, but they can also initiate spoilage in foods, such as yoghurt, fruit juice, salads, and mayonnaise. Indeed, spoilage yeasts have been isolated from many foods and beverages, including bread (22) , wine, beer, fruit juices (56) , mayonnaise (4), dairy products (15, 16, 23, 46, 60) , and chocolate (28) .
In ruminant feeds, yeasts are viewed as spoilage organisms (24, 38, 68) except when they are used as probiotics (12, 63, 64) . Silage is a fermented feedstuff which constitutes a major proportion of winter forage for livestock, particularly in Europe and North America (61) . The aim of the ensilage process is to preserve crops having high moisture contents at times of abundance by encouraging a natural acidic fermentation, but yeast growth is undesirable either during the fermentation or after exposure to air when the silo is opened for feeding. In well-preserved silages lactic acid bacteria predominate and convert the available soluble sugars to lactic acid and a smaller amount of acetic acid. This causes the pH to decrease rapidly, often to pH values below 4, and inhibits the growth of potential spoilage microorganisms, such as Clostridium spp. and enterobacteria (34) . Yeasts enter silos as part of the crop epiphytic microflora, and although they tend to grow best aerobically, many yeasts are efficient fermenters of sugars and are not inhibited by low-pH conditions. Thus, they can thrive in an anaerobic environment by fermenting sugars to alcohol, acetate, and carbon dioxide. Although these products can contribute to preservation to some extent (32) , the rate of the decrease in pH is slower than the rate when lactic acid bacteria dominate fermentation and lactic acid is produced. Carbon dioxide produced by yeast fermentation leads to a net loss of dry matter (34) and a corresponding reduction in nutritive value. Extensive alcohol yeast fermentation is unusual in silage and generally occurs only when the level of dry matter is greater than 40% (13) . Organic acids that accumulate during ensilage, such as lactate and acetate, can be assimilated further only by aerobic metabolic pathways (34) . Aerobic spoilage occurs when air permeates the silage during storage or when the silo is opened and the silage is exposed to the atmosphere. Aerobic microorganisms become active, which results in an increase in the pH as degradation of lactate, acetate, and other fermentation products occurs. This leads to progressive reduction in the nutritive value of the silage as successive populations of yeasts, acetic acid bacteria, and molds become active. Lactate-assimilating yeasts, which are capable of rapid growth in the presence of oxygen, are considered the primary initiators of aerobic spoilage (39) . Thus, yeasts act as spoilage microorganisms in a number of different systems, and many chemical and biological approaches have been taken to prevent proliferation of those organisms (34, 35, 37, 59) .
Killer yeasts produce antimycotic compounds to which they themselves are immune (33) . Yeast killer toxins are proteinaceous compounds which are active against members of the same species or closely related species, and the activities of these toxins are analogous to the activities of bacteriocins in bacterial species. We prefer to call yeast killer toxins mycocins and killer strains mycogenic in order to emphasize the general nature of the antagonistic interactions (17) . Mycocins were first found in brewing strains of Saccharomyces cerevisiae (6) and since then have been shown to occur in a large number of yeast species of agronomic, environmental, industrial, and clin-ical interest, including Candida, Cryptococcus, Debaryomyces, Pichia, Torulopsis, and Williopsis species (17, 42, 74, 75) . Certain mycocins have also been shown to have inhibitory effects on some pathogenic gram-positive bacteria, including Staphylococcus aureus (21) . Some mycocins have been investigated with a view toward exploitation for biocontrol. However, the use of these toxins as novel antimicrobial compounds can be limited by pH and temperature instability and a narrow spectrum of activity (20) . A killer strain of Hansenula mrakii (reclassified as Williopsis mrakii [5] ), strain LKB 169 (ϭ NCYC 2251), produces two mycocins that have broad spectra of activity (3). The smaller mycotic peptide was purified, and its amino acid sequence was determined. This toxin is a single 88-amino-acid polypeptide (70) which is designated mycocin HMK or HM-1. It is basic with an isoelectric point of 9.1 (unlike other mycocins, which tend to be acidic) and has a molecular mass of 10.7 kDa (70). It is very thermostable, retaining biological activity after incubation at 100°C for 10 min, and is stable at pH values between 2 and 11. Mycocin HMK has 10 cysteine residues which confer exceptional stability because of multiple disulfide bonds that also appear to be essential for biological activity of the molecule. Mycocin HMK is inhibited by reducing agents, such as ␤-mercaptoethanol (69), and is inactivated by boiling at a high pH value. It kills intact cells by interfering with ␤-1,3 glucan synthesis, which makes the cell wall osmotically fragile and thus results in cell lysis and death (55) . The chromosomal gene hmk encodes the HMK peptide, which is synthesized as a 125-amino-acid precursor with a 37-amino-acid N-terminal signal sequence. The leader is cleaved at a Kex2 site, which results in the 88-amino-acid mycocin. An almost identical mycocin is encoded by the hsk gene in the related species Williopsis saturnus (26, 27, 30) , and this toxin has a wide spectrum of activity against other yeast species (71).
The broad spectrum of activity, the pH stability, and the temperature stability suggest that W. mrakii mycocin HMK could be a versatile antispoilage agent in a range of food and feed systems. Biocontrol studies have focused on the potential of mycocins produced by native or transformed yeasts (25) . The killer characteristic has been transferred into starter yeasts in order to combat wild strains during the production of beer (73) , wine (7, 18, 49) , and bread (8) and also undesirable yeasts during food preservation (40) . A killer strain of Kluveromyces lactis was found to prevent aerobic spoilage of silage caused by other yeasts in a model synthetic medium-based system, but the killer strain also contributed to the spoilage (29) . Heterologous expression of a mycocin by bacteria could allow delivery of the toxin when inoculation with a mycogenic yeast is undesirable, and purified mycocins could have applications as biocontrol agents in both foods and feeds.
In this paper we describe construction of a synthetic gene for W. mrakii mycocin HMK. We examined expression of this gene in the heterologous host Aspergillus niger. We developed a partial purification procedure for the A. niger HMK toxin, and the effects of this toxin on yeast spoilage were investigated by studying maize silage and yoghurt.
MATERIALS AND METHODS
Strains, culture media, and plasmids. Escherichia coli MC1022 (10) was used for transformation. The culture conditions used were the conditions described by Sambrook et al. (45) . For selection we used L agar (31) supplemented with 50 g of ampicillin per ml, 20 g of isopropyl-␤-D-thiogalactopyranoside (IPTG) per ml, and 20 g of 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (X-Gal) per ml when appropriate. pUC 18 and pUC 19 vectors were used for cloning (72) .
Some yeasts were obtained from the National Collection of Yeast Cultures and Express Dairies Ltd., and others were isolated from seven different silages, including mixed wheat and pea, maize, and grass silages. All yeast strains were maintained on yeast malt extract medium (Oxoid). The yeast methylene blue agar (YMBM) used for mycocin detection was based on the medium described by Philliskirk and Young (42) ; this medium was acidified to pH 4.1 and contained 0.1 M phosphate-citrate buffer. Initial problems were encountered due to denaturation of the agar when it was autoclaved at pH 4.5 or a lower pH value and to the formation of a green color. These problems were overcome by autoclaving the agar, glucose, and methylene blue separately from the other medium constituents. Liquid yeast cultures were grown routinely in yeast malt extract broth (Oxoid) at 25°C. Mycogenic strains were grown in YEPG broth (YMBM without agar) at 22°C for mycocin production. Yeast viable counts in the yoghurt experiments were obtained by using malt extract agar plates (Oxoid) supplemented with chloramphenicol (5 g/ml) and streptomycin (5 g/ml) to prevent bacterial growth. In the silage experiments total yeast counts were determined on malt extract agar containing chloramphenicol and streptomycin and acidified with 0.5% (vol/vol) lactic acid, and lactate-assimilating yeast counts were determined on lactate yeast agar plates (24) . Lactate-assimilating bacteria were isolated on lactate yeast agar plates containing the antimycotic compound pimaricin (Sigma) at a concentration of 0.008% (vol/vol) and were confirmed to be bacteria by microscopic examination. They were identified as Acetobacter spp. by using methods described by Carr and Passmore (9) . Viable lactic acid bacteria were plated onto MRS agar (Oxoid) supplemented with 0.008% pimaricin as an antimycotic agent. All silage extraction plates were incubated at 30°C for 3 to 5 days. Yeasts were identified by using the methods described by van der Walt and Yarrow (57) .
A. niger AB4.1 was used for transformation (58) . A. niger strains were maintained as spore cultures on AMMN slopes that contained or did not contain 10 mM uridine (58) . Batch cultures of A. niger were grown in ACMS/N/P broth that contained or did not contain 10 mM uridine (2) . The plasmids used in Aspergillus transformations were pAB4-1, which allowed growth on minimal media in the absence of uridine (58) , and pIGF, a glucoamylase fusion vector used for sitespecific integration of heterologous sequences into the glucoamylase gene with an adjacent Kex2 site (1).
Molecular techniques. Standard procedures were performed as described by Sambrook et al. (45) . Restriction enzymes (Life Technologies Ltd.), T4 DNA ligase (Pharmacia), and Taq polymerase (Promega) were all used according to the manufacturers' instructions. PCRs were performed with 100 ng of template DNA in a 50-l PCR mixture containing 1ϫ Taq buffer, each deoxynucleoside triphosphate at a concentration of 0.1 mM, 20 pmol of each primer, and 1 U of Taq polymerase. The complete double-stranded DNA sequence was determined by using a PRISM ready reaction dideoxy terminator cycle sequencing kit (ABI). Primers were synthesized with an ABI model 394 DNA synthesizer, and sequencing reactions were performed with a model 373A DNA sequencer. Sequences were determined at every stage of construction to ensure that the synthetic toxin gene and any in-frame fusions or introduced restriction sites were correct.
Design of a peptide antibody for the toxin. A hydrophobic region of the toxin peptide designated KTM (amino acid residues 9 to 26) was selected as a likely epitope for antibody production by using the Peptidestructure computer program, which predicts secondary structure and an antigenicity index (GCG, University of Wisconsin). Polyclonal antibodies raised against this peptide were purchased from Genosys Biotechnologies Ltd. (Cambridge, United Kingdom). Final bleed antisera were divided into aliquots and stored at Ϫ20°C until they were needed.
SDS-PAGE analysis of proteins, Western blotting, and immunodetection. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out by using a Mini-Protean II Dual Slab cell (Bio-Rad Laboratories) as recommended by the manufacturer. Tricine was used instead of glycine for enhanced resolution of small proteins, as described by Schagger and von Jagow (47) . Proteins separated by SDS-PAGE were transferred to ProBlott membranes. Immunodetection was performed with primary antibody KTM diluted 500-to 1,000-fold in 20 ml of TTBS buffer containing 1% (wt/vol) bovine serum albumin. The secondary antibody used was A-8025 anti-rabbit immunoglobulin G (whole molecule)-alkaline phosphatase conjugate (Sigma Immuno Chemicals), which was diluted 500-fold in 20 ml of TTBS buffer containing 1% (wt/vol) bovine serum albumin. The secondary antibody was detected via a chemical reaction of the alkaline phosphatase with 5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazolium. The reaction was developed by incubating the preparation with a Sigma FAST tablet (Sigma Immuno Chemicals) until sufficient color developed.
Transformation. E. coli transformation was carried out by using the calcium chloride method (45) . We used a protoplast transformation system for A. niger which allows efficient introduction of nonselectable genes by cotransformation. A. niger AB4.1 requires uridine for growth. Protoplasts were cotransformed with the selection vector pAB4-1, which allowed growth on minimal media in the absence of uridine (58), and with the pIGF vector with the hmk mycocin gene inserted, which fused the heterologous toxin gene in frame with the Kex2 cleavage site of the glucoamylase coding sequence (1) and allowed secretion of the mycocin into the media.
Screening of yeasts for sensitivity to mycocin HMK. Crude mycocin HMKcontaining and mycocin HMK-free preparations were obtained by filtering batch cultures of Aspergillus strains that had been inoculated with approximately 10 these extracts were adjusted to pH 2.0, 2.5, 3.0, 4.5 (unadjusted), 6.0, 8.0, 9.0, and 10.0 and then boiled for 2, 5, and 10 min in order to examine thermal stability and pH stability. The extracts used to compare native Williopsis and heterologous Aspergillus mycocins were boiled for 6 min. Well diffusion plate assays (75) were performed with YMBM agar (pH 4.1) seeded with 60 l of a fresh overnight yeast culture per 50 ml of agar. Extracts (100 l) were placed into the wells (diameter, 8 mm) and incubated for 48 h at 22°C. Mycocin activity was scored by measuring the diameter of each inhibition zone, excluding the well.
Partial purification of heterologous mycocin HMK from Aspergillus strains. A time course study of protein and mycocin production was carried out by using recombinant mycocin-producing and control pAB4.1-containing Aspergillus strains. Total protein contents were determined by the Bio-Rad protein assay, and mycocin activity was determined by performing well diffusion assays. Maximum mycocin production occurred at about 72 h, although the total protein levels continued to increase (data not shown); therefore, 72 h was chosen as the standard incubation time. Mycocin-producing and control Aspergillus cultures (100 ml) were grown for 72 h, and the filtered supernatants were boiled for 10 min. Total supernatant protein was precipitated with 75% ammonium sulfate and was resuspended in a reduced volume of 0.1 M citrate buffer (pH 4.1). The mycocin-containing and control solutions were ultrafiltered by using a YM 30-kDa membrane in a stirred ultrafiltration cell (model 8400; Amicon Ltd.) at a pressure of 55 lb/in 2 . The filtrate was concentrated by a second ultrafiltration step with a YM 3-kDa membrane (Amicon Ltd.). These two steps removed proteins having molecular masses greater than 30 kDa and less than 3 kDa (data not shown). All fractions were tested for activity by using the well diffusion assay. This partial purification procedure was developed in order to prepare the control and mycocin preparations used in the silage and yoghurt challenge experiments described below.
Quantitative assessment of HMK activity expressed in AU. The activity of an antagonistic substance can be quantified and expressed in arbitrary units (AU) by using defined preparation and assay conditions (48) . The YMBM agar well assay was used with Candida lambica NCYC 2255 as the sensitive indicator strain in order to assess and compare HMK activities in different preparations, including fresh culture filtrates and more purified concentrated extracts. Serial dilutions of the preparations were prepared by using a range of dilutions from the dilution at which the size of the inhibition zone was linear to the dilution at which no antagonistic activity was detected; 1 AU was defined as the reciprocal of the highest dilution that still resulted in a minimal level of detection.
Application of Aspergillus mycocin HMK to silage. A 20-kg portion of mature (ensiled for 100 days) whole-crop maize silage was obtained from the center of a farm silage clamp at Trawscoed Research Farm, Institute of Grassland and Environmental Research, Aberystwyth, United Kingdom. The silage was well mixed and was divided into 1-kg portions in clean polyethylene bags. Triplicate samples of untreated silage were used to determine microbial counts and for chemical analysis of volative fatty acids and lactic acid (36) . Mycocin HMKcontaining preparations and control preparations from a mycocin-free A. niger culture and a distilled water control were applied as fine sprays (10 ml/kg); three replicates per treatment were used. The mycocin was added at a final concentration of 30 AU per g of silage.
Silage composition analysis. The dry matter content, pH, and lactic acid content of silage were analyzed as described by Cussen et al. (11) . Volative fatty acids were analyzed in water extracts by gas chromatography by using the method of Zhu et al. (76) .
Assessment of the aerobic stability of silage. When good-quality silage is exposed to oxygen, either through accidental ingress of air in the silo or during feeding, it can spoil following growth of microorganisms, including yeasts, bacteria, and molds (34) . Considerable evidence suggests that yeasts initiate spoilage and that a temperature increase accompanies the growth of these and other spoilage microorganisms (35) . Temperature increases during aerobic spoilage of silage have been correlated with other indications of growth, including carbon dioxide production, loss of dry matter, increases in pH, and changes in microbial numbers (34, 65, 66) . Thus, monitoring temperature changes is the simplest and most commonly used way to assess the aerobic stability or deterioration of silage (19, 62, 64) . For electronic temperature monitoring we used a Squirrel series 2000 data logger (Grant Instruments, Cambridge, United Kingdom) and specifically designed aerobic spoilage vessels (ASVs). Each 1-kg silage sample was divided into two 400-g duplicate samples, loosely packed into ASVs, and stored at 20°C. Each ASV consisted of a 30-cm section of polypropylene pipe (diameter, 8 cm) with a perforated base inserted 5 cm from the bottom of the pipe to allow release of CO 2 from the spoiling silage. The vessels were wrapped in thermal insulating material and stored upright in cardboard boxes. Each ASV was fitted with a thermocouple probe that was placed in the center of the sample and connected to an electronic data logger (Squirrel series 2000). Temperatures were recorded every hour for 14 days in order to monitor the progress of microbial spoilage. After 72 h one 400-g sample from each replicate pair was destructively sampled and used for microbiological and chemical analyses.
Food challenge experiment. Two dairy spoilage yeasts, Candida krusei D1241 and Saccharomyces cerevisiae D1247, were used for the food challenge experiment. Aliquots (10 ml) of 65% (wt/vol) plain low-fat yoghurt diluted with sterile distilled water were treated by adding 500-l portions of a sterile 0.1 M citrate buffer or control preparation or two Aspergillus mycocin HMK preparations that resulted in 167 and 83 AU per ml. The yoghurt samples were inoculated or not inoculated with 10 3 D1241 or D1247 cells per ml and stored at 4, 10, and 20°C. Samples (100 l) were removed after 1, 2, 4, 7, 14, and 21 days of storage and used to determine numbers of viable yeast cells.
RESULTS
Design and construction of a structural gene for the mycocin. Mycocin HMK of W. mrakii NCYC 2251 has been purified previously (3) , and the amino acid sequence has been determined (70); the secreted toxin is an 88-amino-acid peptide. The amino acid sequence was used to derive a DNA sequence by utilizing the lactococcal codon preferences. Six overlapping oligonucleotides were synthesized (Table 1) . Primer 1 with a 5Ј BamHI site was annealed with primer 6, which resulted in fragment A encoding the 5Ј N-terminal portion of the peptide. Primers 2 and 5 annealed to give fragment B, which encoded the central region of the peptide. Primer 3 with the 3Ј PstI site and primer 4 annealed to give fragment C, which encoded the 3Ј C-terminal portion of the peptide. Fragments A, B, and C were treated with kinase and ligated. The resulting synthetic fragment was cloned into pUC18 digested with BamHI and PstI, which resulted in pFI757. Restriction digestion and sequencing confirmed that this construction resulted in the loss of the first glycine residue of the toxin, which was replaced by two alanine residues and a 5Ј BamHI site and by a 3Ј stop codon and a PstI site.
Provision of a leader sequence for toxin secretion. The hmk mycocin gene was fused to the glucoamylase protein for expression in A. niger. To do this, we utilized the glucoamylase fusion vector (pIGF) for site-specific integration into the glucoamylase gene with a Kex2 site adjacent to the toxin sequence (1). A PCR was used to amplify the mycocin gene from pFI757 incorporating flanking XbaI sites and a Kex2 cleavage site. The XbaI fragment was cloned in the pUC19 vector (pFI870) and was transferred into pIGF in order to obtain pFI874. A. niger AB4-1 was cotransformed with pFI874 and pAB4-1, which resulted in integration of the toxin gene in the chromosomal glucoamylase gene.
Heterologous expression of mycocin in A. niger. The synthetic gene encoding the W. mrakii mycocin was expressed in A. niger, and the resulting toxin was compared with native Williopsis mycocin HMK by using bioassays (Fig. 1) and Western blots (Fig. 2) . Aspergillus mycocin HMK activity was stable in all of the samples at pH values between 2.0 and 10.0 before heat treatment. At pH 8.0 boiling for 10 min resulted in some loss of activity, and at pH 10.0 all activity was lost after 2 min (data not shown). Williopsis mycocin HMK and the heterologous peptide both reacted with the KTM antibodies (Fig. 2) .
A partial purification procedure was developed based on the growth kinetics of HMK production in A. niger. This procedure involved ultrafiltration of the mycocin-expressing Aspergillus culture supernatant, which removed proteins larger than 30 kDa and smaller than 3 kDa and concentrated the mycocin (see above).
Effect of mycocin HMK on yeasts isolated from food and silage. When a deferred antagonism assay described by Starmer et al. (52; Lowes, unpublished data) was used, W. mrakii NCYC 2251 exhibited strong mycocin activity against 40 different yeast strains isolated from samples of seven different silages. Twelve of these silage yeasts, which were chosen based on their different patterns of sensitivity to a panel of nine different mycogenic yeasts, were used as indicator strains in a comparison of the native W. mrakii mycocin(s) and the heterologous Aspergillus mycocin in well diffusion assays (Table 2) . A typical example is shown in Fig. 1, which shows the results obtained with C. krusei NCYC 2698. W. mrakii NCYC 2251 produces more than one mycocin (3), but only mycocin HMK is heat stable. A comparison of W. mrakii mycocin activities before and after heat treatment against the of silage yeast isolates revealed that there were only minimal losses of activity due to heat treatment (data not shown). A. niger mycocin HMK was thermally stable; we observed no differences in zone size when we compared the results obtained for silage yeast isolates with and without heat treatment (data not shown). The apparently greater Aspergillus mycocin activity (Table 2) than Williopsis mycocin HMK activity probably reflected higher concentrations of mycocin HMK in the Aspergillus preparations rather than increased activity.
A number of yeasts responsible for yoghurt spoilage were obtained from the National Collection of Yeast Cultures. These organisms were identified as members of a variety of species, including Candida, Saccharomyces, and Torulaspora species, and were tested to determine their sensitivities to both types of mycocin HMK (Table 3 ). The HMK-sensitive strains C. lambica NCYC 2255 and S. cerevisiae NCYC 1006 were used as positive controls and were sensitive to both types of mycocin HMK, whereas the native producer W. mrakii NCYC 2251 was resistant. Fifty percent of the dairy yeasts were sensitive to mycocin HMK; the sensitive strains included all of the S. cerevisiae strains but only 20% of the Torulaspora delbrueckii strains. Supernatant from Aspergillus control strain AB4.1 had no effect on the growth of any of the yeast strains tested (data not shown).
Aerobic stability of maize silage. The low pH values, low numbers of yeast cells, and high lactic acid contents of the initial silage samples were typical of well-preserved, good-quality maize silage ( Table 4 ). The silage was treated with semipurified HMK toxin from A. niger and two controls, semipurified protein filtrate from nontransformed A. niger AB4.1 and sterile distilled water. Aerobic spoilage was monitored by determining temperature changes, and the temperature profiles for the 6 days after the silage samples were exposed to air are shown in Fig. 3 . Within the treatments the data were very consistent; with the HMK-treated samples there was a clear delay before the initial temperature increase occurred of approximately 15 h, while with both control groups the increase occurred within 48 h.
Seventy-two hours after aeration and treatment, the pH values for the two mycocin-negative control groups (A. niger AB4.1 and water controls) had risen to more than 4.0 (Table  4) , and 50% of the lactate and the majority of the acetate were oxidized. In contrast, the pH values of the HMK-treated samples had hardly changed after 72 h of aerobic exposure, as reflected by greater retention of lactate and a slight increase in the acetate content compared with the silage at the start of the experiment. The numbers of yeast cells (both total and lactate assimilators) increased in all of the samples but were 10-fold lower in the mycocin-treated silage. The numbers of lactateassimilating bacteria identified as acetic acid bacteria also increased dramatically after 72 h in all samples but were lower in the HMK-treated silage (Table 4) . Food challenge experiments. Two yeast strains, C. krusei D1241 and S. cerevisiae D1247, were used for the food challenge experiments (Table 3) . We monitored the growth of these two strains in yoghurt samples which received an initial inoculum consisting of 10 3 CFU per ml and were treated with two levels of mycocin HMK, as well as in mycocin-free controls. Yeast growth was monitored at three different storage temperatures, 4, 10, and 20°C (Fig. 4 and 5) .
At 4°C, C. krusei D1241 did not grow, and the numbers of cells declined gradually in both control groups; however, more rapid decreases were observed in the samples treated with mycocin HMK at both concentrations (Fig. 4A ). This strain grew steadily at 10°C and in the control preparations reached the stationary phase (approximately 10 7 CFU ml Ϫ1 ) within 7 days. The lower concentration of mycocin HMK reduced the number of yeast cells to below the level of detection by day 4, while the higher concentration reduced the number of yeast cells to below the level of detection by day 2 (Fig. 4B ). Growth at 20°C was faster and resulted in an even more rapid rate of killing by mycocin HMK; yeasts were eliminated by day 1 and by day 2 at the two different concentrations used (Fig. 4C) .
S. cerevisiae D1247 grew at 4°C throughout the 3-week incubation period, and by day 21 the cell numbers in the controls were more than 10 6 CFU ml Ϫ1 . In the HMK-treated samples, yeast cells were undetectable within 4 days (Fig. 5A) . The growth of this strain at both 10 and 20°C was rapid in the control samples, while both concentrations of HMK eliminated all yeasts within 24 h of inoculation ( Fig. 5B and C) . Overall, S. cerevisiae D1247 was more sensitive to the mycocin than C. krusei D1241 was, which was consistent with the results obtained in well diffusion assays (Table 3) . None of the yoghurt samples to which no yeasts cells were added gave rise to yeast colonies during the experiment, irrespective of HMK treatment (data not shown). This demonstrated that the yoghurt used was not contaminated with yeasts and that the yeasts observed in the inoculated samples were the strains that were inoculated.
DISCUSSION
W. mrakii produces mycocin HMK which is very pH and heat stable and has a broad spectrum of activity (71) . We found that this mycocin could be a versatile antispoilage agent in food and feed systems. In studies of the potential of mycogenic yeasts as biocontrol agents, workers have focused on the production of mycocins in situ by natural toxin producers or transformed yeasts (25) . Other approaches are possible when use of a mycocin is necessary but inoculation with a mycogenic yeast is undesirable. Crude or purified mycocin could be used as an additive, which could have economic or regulatory disadvantages, and heterologous expression of a mycocin in situ could be obtained by using an organism which is either beneficial or at least not harmful and does not cause spoilage.
Heterologous expression of a synthetic mycocin HMK gene was achieved in A. niger. Native Willopsis mycocin HMK and heterologous Aspergillus mycocin HMK had similar physiological properties and molecular weights and reacted with the mycocin HMK-specific antibodies. Their spectra of biological activity against a variety of silage and yoghurt yeast strains were almost identical. The fact that multiple toxins are produced must be taken into account when comparisons with Aspergillus HMK activity are made as not all of the Willopsis killer activity is attributable to HMK. Expression in A. niger allowed us to partially purify the HMK toxin, and purification could be optimized, which resulted in an efficient and highyielding production system for recovering this very stable peptide.
Application of heterologous mycocin HMK to mature maize silage prior to exposure to air delayed the onset of aerobic spoilage, as monitored by temperature changes. Destructive sampling 72 h after the initial aeration revealed that in the non-HMK-treated samples the numbers of lactate-assimilating and total yeast cells had increased. Virtually all of the lactate had been utilized in these samples, and the resultant increase in the pH meant that the barrier to proliferation of non-acid- tolerant spoilage organisms had been removed. By contrast, in the HMK-treated samples the numbers of yeast cells were lower, the levels of lactate were higher, and, consequently, the pH values were lower. The delay in the onset of aerobic spoilage could be attributed to the effect of the HMK toxin on the growth of yeasts that cause aerobic spoilage. The fact that aerobic deterioration was delayed rather than reduced or prevented suggests that some yeasts or other lactate-assimilating aerobes were not affected by mycocin HMK. It is possible that the mycocin was degraded by proteolytic activity in the silage, which is a more complex system than yoghurt. The concentration of mycocin HMK added to the silage was fairly low, and a higher concentration could perhaps have a more sustained effect on aerobic spoilage. It has been shown that acetic acid bacteria are capable of initiating aerobic spoilage in maize silage (50) , and six typical isolates of lactate-assimilating bacteria from the spoiled silage were identified as Acetobacter sp. isolates by metabolic characterization tests (9) . Mycocin HMK had no effect on these Acetobacter strains in well diffusion tests. Thus, the apparent reduction in the number of acetic acid bacteria in HMKtreated silage could have been due to an indirect effect, perhaps impairment of a synergistic relationship between yeasts and acetic acid bacteria.
There is evidence that interactions between mycogenic yeasts and sensitive yeasts are widespread in natural habitats and are probably ecologically significant (53) . Most research on mycogenic yeasts has been based on in vitro activity assays and has focused on the molecular aspects of production, the physiochemical properties of the mycocins, and the mechanisms of action. The role of killer yeasts in ecological community structure has received little attention, and it is assumed that these organisms have an advantage over sensitive competitors. When mycogenic yeasts are present in natural communities, a single killer strain usually predominates (51) . Kinetic studies have shown that a killer strain can predominate in a mixed culture with a sensitive yeast strain (41, 43) . It is essential to develop an understanding of the interactions of killer strains in communities if mycocins are to be used as biological control agents. Starmer and coworkers (51) found that mycogenic yeasts are widespread in natural populations of fruit and decaying vegetable matter and concluded that these organisms have an important effect on the development and composition of the yeast flora. We have isolated yeasts with mycogenic activities from silage (Lowes and Merry, unpublished data), and it is possible that they influenced the development and composition of the silage yeast population. This may explain the considerable variation in aerobic stability between different silages or even between silages prepared in the same way with identical herbage (19) .
In the food challenge experiment we used two sensitive yeast strains that were inoculated into yoghurt and monitored their growth at three different storage temperatures. The growth rates were highest at the highest storage temperatures. Yeast strains vary in their ability to grow at low temperatures (16, 54) , and in this study S. cerevisiae D1247 grew at 4°C, demonstrating that refrigeration alone would not prevent spoilage by this yeast. Mycocin HMK kills actively growing sensitive cells by interfering with ␤-1,3 glucan synthesis, which makes the cell wall osmotically fragile and results in cell lysis and death. Our experiments showed that the faster the growth rate, the more efficient the killing action of the mycocin, which prevented any further growth and destroyed the inoculated yeasts at all of the temperatures at which growth was possible; there was no resurgence of resistant yeasts.
In this study we found that mycocin HMK produced by A. niger can delay yeast spoilage in both silage and yoghurt. This toxin is effective at a low pH and a wide range of temperatures against a variety of yeast species. Silage is a product that is particularly prone to yeast contamination once it is exposed to air (38, 66, 68) . Using higher levels of mycocin HMK after ensilage or, alternatively, adding purified mycocin before ensilage may delay the onset of aerobic spoilage. The influence of indigenous mycogenic yeast strains in silage is an area which requires further study. Yoghurt has a yeast spoilage problem that is associated particularly with the use of added fruits, nuts, and honey. In yoghurt, the introduced yeasts were eliminated by the mycocin at the different storage temperatures used. The use of mycocin HMK could be expanded to other fermented products and could be improved if the mycocin were expressed by compatible bacteria, such as lactic acid bacteria.
The use of mycocins to control unwanted yeasts could be expanded beyond applications in foods and feeds; they could be used as prophylactics for the treatment of fungal diseases. The medical importance of opportunistic yeast infections is increasing, particularly in immunocompromised hosts, and the problem is compounded by growing resistance to azole-based and amphotericin antifungal drugs (13) . W. mrakii K500 mycocin exhibits extensive activity against a large number of clinical isolates, particularly Candida spp., and it has been proposed that this toxin could be used as a topical application to treat yeast infections (20) . Mycocins have strong antigenicity and might elicit an immune response if they are used systematically, but they could be used for topical administration. pH instability makes most mycocins unsuitable for oral or intravenous use.
C. kruseii has been designated a class II pathogen because it exhibits a high level of resistance to fluconazoles and is frequently isolated from patients with suppressed immune systems that have been treated with fluconazoles for opportunistic yeast infections; obviously, it benefits from the removal of other competitor yeasts, such as Candida albicans (14, 44) . Mycocin HMK from Williopsis sp. or the recombinant Aspergillus strain is very effective against C. kruseii strains from silage and yoghurt and exhibits a broad range of activity against other yeast species. It has good physiochemical properties, including pH stability and heat stability. This mycocin could provide a much-needed alternative treatment for pathogenic yeast infections.
